The study of silicon (Si) isotopes in ocean island basalts (OIB) has the potential to discern between different models for the origins of geochemical heterogeneities in the mantle. Relatively large (∼several per mil per atomic mass unit) Si isotope fractionation occurs in low-temperature environments during biochemical and geochemical precipitation of dissolved Si, where the precipitate is preferentially enriched in the lighter isotopes relative to the dissolved Si. In contrast, only a limited range (∼tenths of a per mil) of Si isotope fractionation has been observed from high-temperature igneous processes. Therefore, Si isotopes may be useful as tracers for the presence of crustal material within OIB mantle source regions that experienced relatively lowtemperature surface processes in a manner similar to other stable isotope systems, such as oxygen. Characterizing the isotopic composition of the mantle is also of central importance to the use of the Si isotope system as a basis for comparisons with other planetary bodies (e.g., Moon, Mars, asteroids).
Introduction
Knowledge of Earth's internal structure and composition has primarily been obtained through complimentary approaches of geophysical and geochemical investigation. However, debate still persists about the mechanisms responsible for generating the chemical and physical characteristics of Earth's mantle observed today, as well as their evolution through time. The large-scale composition of the mantle may be inferred in part from mantle-derived melts erupted at or near the Earths surface, including mid-ocean ridge basalts (MORB) and ocean island basalts (OIB). Therefore, analyses of oceanic basalts remain a key component in understanding the geochemical complexities of the mantle.
Trace element ratios, radiogenic isotope variations (e.g., Sr, Nd, Hf, Os, Pb), and noble gas systematics have traditionally been studied in mantle-derived samples to better understand the chemical composition and physical processes occurring within the mantle throughout Earth history (e.g., Zindler & Hart, 1986; Hofmann, 2003; Stracke et al., 2005) . Ocean island basalts exhibit systematic differences in isotope compositions when compared with MORB; this has generally been attributed to mantle heterogeneities arising from the recycling of various materials into OIB mantle source regions (e.g., Hauri & Hart, 1993; Hofmann, 1997; Graham, 2002; Jackson & Dasgupta, 2008; Day et al., 2009) . Various different mantle endmembers have been proposed to explain the variable Sr, Nd, and Pb isotope ratios, in that each plume samples chemically distinct mantle sources (Zindler & Hart, 1986) ; this has been recently extended to Hf (e.g., Stracke, 2012) and Os isotopes (e.g., Day, 2013 (Zindler & Hart, 1986; Hofmann, 2003) . These geochemical characteristics are thought to be a reflection of specific lithologies present as a component of the source: EM-1 may incorporate recycled lower continental crust material or pelagic sediments (Woodhead & McCulloch, 1989; Willbold & Stracke, 2010; Garapić et al., 2015) or delaminated subcontinental lithosphere (McKenzie & O'Nions, 1983; Mahoney et al., 1991) , EM-2 may arise from the recycling of continental-derived sediments Jackson et al., 2007a) , and HIMU may involve recycled oceanic crust and lithospheric mantle Chauvel et al., 1992; Hauri & Hart, 1993; Day et al., 2010; Cabral et al., 2013) . It has even been proposed that an ancient marine carbonate component may exist in the HIMU mantle source (Castillo, 2015) . The traditional mantle endmembers represent extremes in terms of isotopic composition, with each OIB location potentially representing a unique mixture of mantle components. However, linking observations of chemical heterogeneity of OIB with the mechanisms responsible for generating such variations is currently a major challenge in mantle geochemistry.
In contrast to radiogenic isotope systems, the mantle end-members are less well defined by stable isotope variations; although O, Mg, and Ca show possible recycled signatures (e.g., Eiler, 2001; Huang et al., 2011; Wang et al., 2016) , generally it is assumed that the mantle is homogeneous with respect to most stable isotope systems. To date, this has been the case for silicon isotopes. For example, samples of and from the shallow mantle (peridotites and MORB) are assumed to be representative of the Si isotope composition of bulk silicate Earth (BSE), with any Si isotope heterogeneity being obliterated through convective mantle mixing (Savage et al., 2010) . However, a systematic study of the Si isotope composition of OIB has not previously been performed; only a limited number of high-precision analyses are present in the literature (see Savage et al., 2014 , for a recent review). Given the implications of possible mantle heterogeneities on a wide variety of mantle processes and the importance of an accurate characterization of the isotopic composition of BSE for geo-and cosmo-chemical comparison purposes, a dedicated investigation of potential Si isotope variations in OIB is warranted.
The Si isotope system is a potentially useful tool with which to investigate recycling of terrestrial surface materials within the mantle. Silicon is a key element in silicate minerals and is composed of three stable isotopes: 28 Si (92.23%), 29 Si (4.68%), and 30 Si (3.09%). Relatively large Si isotope fractionations have been observed as the result of low-temperature bio-and geo-chemical surficial/supergene processes, with the light Si isotopes becoming preferentially enriched in precipitated silica phases compared to dissolved Si in the fluid phase (Basile-Doelsch, 2006) . Previous studies of the Si isotope systematics in low-temperature environments, including chert formation (Robert & Chaussidon, 2006; van den Boorn et al., 2007 van den Boorn et al., , 2010 Tatzel et al., 2015) , diatom formation (De La Rocha et al., 1997; Hendry et al., 2010) , and silicate weathering (Ziegler et al., 2005; Opfergelt et al., 2012) , have shown that Si isotope variations can range over several per mil in surface environments. In contrast, high-temperature igneous processes typically result in relatively small fractionations; terrestrial igneous materials display only a limited range (∼0.2 per mil on the 30 Si/ 28 Si ratio) of Si isotope compositions (Georg et al., 2007; Fitoussi et al., 2009; Chakrabarti & Jacobsen, 2010; Savage et al., 2010 Savage et al., , 2011 Savage et al., , 2013a Armytage et al., 2011; Zambardi et al., 2013; Poitrasson & Zambardi, 2015) , with the bulk silicate Earth being relatively homogeneous (δ 30 Si = −0.29 ± 0.07‰, 2 sd; Savage et al., 2014) . Partial mantle melting to form basaltic melts does not appear to generate large Si isotope fractionations (Savage et al., 2010 compared to lowtemperature processes, so incorporation of recycled surface materials in the mantle could produce Si isotope variations that may be observed in OIB.
Here we present high-precision Si isotope data obtained by multi-collector inductively-coupledplasma mass-spectrometry (MC-ICP-MS) for a suite of OIB, including samples representative of the EM-1, EM-2, and HIMU mantle endmembers, to quantify potential Si isotope variations in the mantle and assess the processes that may generate Si isotope variability.
Samples
A set of 46 OIB representing locations in the Pacific, Atlantic, and Indian Oceans were selected for Si isotope analysis. In particular, samples were selected to represent the proposed mantle endmembers, including eight samples from Pitcairn (EM-1), eleven samples from Samoa (EM-2), and four samples from Mangaia (HIMU). Additional samples represent geographic locations with unique geochemical features, such as primitive noble gas compositions, or areas that display less extreme mantle endmember compositions. For example, three samples were selected from São Nicolau, one of the Northern Islands of Cape Verde that has been identified as HIMU-like based on radiogenic Pb isotope compositions and low 87 Sr/ 86 Sr, but that also exhibits high 3 He/ 4 He (∼ 10 − 12 R/R A ), possibly indicative of a primitive lower mantle component (Doucelance et al., 2003; Millet et al., 2008) . Similarly, two samples were selected from St. Helena, which has been identified as HIMU-like based on radiogenic isotope compositions but displays low 3 He/ 4 He (Graham et al., 1992; Hanyu & Kaneoka, 1997) . Six samples were selected from the Canary Islands, Figure 1 Three-isotope plot of δ 29 Si versus δ 30 Si for OIB. All data are within error (± 2 se) of the calculated mass-dependent equilibrium (solid line, slope 0.5178) and kinetic (dashed line, slope 0.5092) fractionation lines.
particularly the islands of El Hierro and La Palma, whose mantle sources have been interpreted to contain distinct proportions of recycled oceanic crust and lithospheric mantle based on He-OSr-Nd-Os-Pb isotope systematics (Day et al., 2009 (Day et al., , 2010 Day & Hilton, 2011) . Four Icelandic samples from volcanic complexes in the Northern rift zone (NRZ) that display depleted tholeiitic compositions were selected. Iceland is one of the most well-studied OIB-type localities due to its association with both a spreading center (the Mid-Atlantic Ridge) and a deep-seated mantle plume (Rickers et al., 2013) . The relatively unradiogenic He and Ne isotope ratios measured previously in these samples compared to global OIB is possible evidence for a deep, undegassed mantle source (Breddam et al., 2000; .
When possible, unaltered samples (based on visual inspection and absence of secondary minerals) were chosen for analysis in order to minimize the potential effects of post-eruptive weathering, which is a process that could alter the Si isotope composition of basalts. In many cases samples were fresh submarine or subglacial basaltic glasses. Major-and trace-element abundances and radiogenic isotopic ratios for the present sample set have been previously reported elsewhere (LeRoex, 1985; Albarède & Tamagnan, 1988; Breddam et al., 2000; Claude-Ivanaj et al., 2001; Breddam, 2002; Workman et al., 2004; Geist et al., 2006; Jackson et al., 2007a,b; Millet et al., 2008; Kurz et al., 2009; Day et al., 2010; Kawabata et al., 2011; Hart & Jackson, 2014; Herzberg et al., 2014; Garapić et al., 2015) .
Analytical methods
The alkali fusion sample dissolution and chemical purification methods used here have been described recently (Pringle et al., 2013a (Pringle et al., ,b, 2014 Savage & Moynier, 2013) , and are based on the Figure 2 Silicon isotope compositions of OIB relative to the bracketing standard NBS28 (± 2 se).
The dashed line and shaded box represent the estimate (± 2 sd) for the Si isotope composition of the bulk silicate Earth (BSE) as given by Savage et al. (2014) . Most samples fall in the range of the estimate for BSE, but some HIMU and Iceland localities exhibit systematically lower δ 30 Si values.
methods first described by Georg et al. (2006) . Samples were ground to a fine powder using an agate mortar; at least 1 g of each whole rock sample was processed to ensure representative sampling. Samples were then digested by an alkali fusion technique. This sample digestion method avoids the use of HF, which can lead to the loss of Si in the form of volatile SiF complexes following conventional acid digestion procedures. Approximately 10 mg of powdered sample was combined with ∼200 mg NaOH flux in an Ag crucible and heated for 12 minutes in a muffle furnace at 720 C. The resulting fused sample was dissolved using Milli-Q H 2 O and weakly acidified to 1% HNO 3 to obtain a Si stock solution sufficiently dilute to avoid silicic acid polymerization. The samples were then purified for Si isotope analysis through ion-exchange chromatography using 1.8 mL BioRad AG50 X12 (200-400 mesh) cation exchange resin loaded in PolyPrep columns. Although the speciation of dissolved Si in water is pH dependent (Fujii et al., 2015) , it occurs as neutral or anionic species at low to neutral pHs and thus is not retained by the resin whereas cationic matrix elements are efficiently separated. Quantitative recovery of Si was achieved through elution by 5 mL Milli-Q H 2 O. Column loads were calculated to yield final solution Si concentrations of 2 ppm for isotope analyses.
Silicon isotope ratios were measured on Thermo Scientific Neptune Plus MC-ICP-MS instruments at Washington University in St. Louis and at the Institut de Physique du Globe de Paris. Each measurement represents 30 cycles with an 8.389 s integration time. Sample solutions were introduced using a wet plasma system and measurements were made in medium resolution on peak shoulder to avoid the large 14 N 16 O interference on mass 30. Standard-sample bracketing was used to correct for instrumental mass bias; the quartz sand standard NBS28 (NIST RM8546) and the well-characterized basalt geostandard BHVO-2 were each used as bracketing standards to obtain Si isotope measurements during separate analytical sessions and were subjected to the same dissolution and Si purification procedure as the samples.
Silicon isotope compositions are expressed relative to a bracketing standard (NBS28 or BHVO-2) using the following delta notation:
3 where x = 29 or 30. Reported isotope ratios are averages of repeated measurements of each sample ("n" in Table 1 ), and errors are determined from these repeated measurements. In a δ 29 Si versus δ 30 Si plot (Figure 1) , all of the samples measured in this study fall within error of the calculated mass-dependent equilibrium (slope 0.5178) and kinetic (slope 0.5092) fractionation lines, and no Si isotope anomalies have been observed in terrestrial samples (Pringle et al., 2013b) . Therefore, the remainder of the text discusses the Si isotope data in terms of 30 Si.
Results
Silicon isotope data relative to NBS28 as the bracketing standard are reported in Table 1 and Figure  2 . The errors discussed throughout the text are 2 standard error (2 se) unless otherwise specified.
To assess the reproducibility of the data, the Si isotope composition of the well-characterized basalt geostandard BHVO-2 was measured during each analytical session. The BHVO-2 value measured here (δ 30 Si = −0.30 ± 0.01‰) represents 76 measurements during 13 separate analytical sessions and is in good agreement with previously published literature data (e.g., Abraham et al., 2008; Armytage et al., 2011; Savage et al., 2010 Savage et al., , 2014 . On average, δ 30 Si values for OIB (−0.32 ± 0.09‰, 2 sd), including the EM-1 endmember Pitcairn (−0.28 ± 0.07‰, 2 sd) and the EM-2 endmember Samoa (−0.31 ± 0.07‰, 2 sd), are in general agreement with previous estimates for the δ 30 Si value of BSE (δ 30 Si = −0.29 ± 0.07‰, 2 sd; Savage et al., 2014) . In addition, no variation in Si isotope composition with ocean basin is observable. However, some locations exhibit light Si isotope enrichments relative to MORB; on average, OIB from Iceland NRZ (δ 30 Si = −0.40 ± 0.06‰, 2 sd) and the HIMU localities Mangaia (Cook Islands; δ 30 Si = −0.36 ± 0.12‰, 2 sd), La Palma (Canary Islands; δ 30 Si = −0.36 ± 0.00‰, 2 sd), and Cape Verde (δ 30 Si = −0.39 ± 0.04‰, 2 sd) are lighter than the other OIB measured in this study (on average, δ 30 Si = −0.30 ± 0.06‰, 2 sd). There are two notable exceptions within these localities with low δ 30 Si. One sample from Mangaia (MG-1006) has anomalously high δ 30 Si, but of the Mangaia group it has the lowest CaO/Al 2 O 3 value. Additionally, one El Hierro sample (EH15) has high δ 30 Si relative to the other El Hierro samples; this sample has the lowest δ 18 O of the group.
In order to directly measure the variations in Si isotope composition among OIB, the basalt geostandard BHVO-2 was used as the bracketing standard in a separate measurement session; these data are denoted δ 30 Si BHVO-2 and are presented in Table 2 and Figure 3 . BHVO-2 was chosen as a bracketing standard because its Si isotope composition is well characterized in the literature and it has previously been found to have the same Si isotope composition as the estimated value for BSE (Savage et al., 2010 . BHVO-2 is an OIB from Kilauea volcano, taken from a Figure 3 Silicon isotope compositions of OIB relative to the basalt standard BHVO-2 as the bracketing standard (± 2 se). The dashed line and shaded box represent the Si isotope composition of BHVO-2 (± 2 se), which is used as a proxy for BSE. These additional data directly compare selected OIB samples to further distinguish Si isotope compositions and confirm the variations observed in Figure 2 .
surface layer of the pahoehoe lava that overflowed from the Halemaumau crater in Fall 1919 and has 7.23 wt.% MgO. This direct comparison between OIB makes non-zero isotopic offsets easier to resolve since it eliminates a source of analytical error; when comparing data bracketed using the traditional NBS28 international Si isotope standard, the propagation of error compounds the uncertainty. When measured against BHVO-2, samples from Iceland (δ 30 Si BHVO-2 = −0.10 ± 0.01‰) and Mangaia (δ 30 Si BHVO-2 = −0.05 ± 0.10‰) are relatively lighter in Si isotopes, while samples from St. Helena, Pitcairn, Samoa, and the Azores are indistinguishable from BHVO-2 (on average, δ 30 Si BHVO-2 = −0.01 ± 0.02‰). These results are consistent with the data obtained through bracketing with the traditional Si isotope standard NBS28 and confirm the observed Si isotope variations in OIB.
Discussion
At first order, OIB exhibit generally uniform Si isotope compositions that are in good agreement with previous estimates for the δ 30 Si value of BSE. However, small variations in the data are present, with some localities enriched in light Si isotopes by ∼0.1‰ on δ 30 Si compared to the estimate for BSE. Although this difference is small, it could have significant implications for mantle processes responsible for creating and preserving such heterogeneity. Below, we discuss the possible causes of the Si isotope variability observed in OIB, including post-eruptive alteration, magmatic differentiation, sampling of a primitive mantle reservoir, crustal assimilation, and recycling of crust and lithospheric mantle.
Post-eruptive alteration
Where possible, unaltered samples were chosen to minimize the effects of post-eruptive alteration. However, Mangaia volcanic rocks have crystallization ages of ∼20 Myrs and therefore have undergone surface weathering processes (Woodhead, 1996) . Although minor chemical weathering should not significantly affect the Si isotope composition of the bulk rock , Ziegler et al. (2005) found that basalt weathering may result in the formation of secondary minerals that are isotopically light relative to the dissolved Si in the fluid phase. To assess the possible contribution of isotopically fractionated secondary minerals on the bulk Si isotope composition of Mangaia samples, zeolite and pyroxene mineral separates from one Mangaia sample (MG-1001) were selected for Si isotope analysis by MC-ICP-MS. The Si isotope compositions of the MG-1001 mineral separates are reported in Table 1 . The pyroxene fraction (δ 30 Si = −0.42 ± 0.09‰) is indistinguishable from the MG-1001 whole-rock (δ 30 Si = −0.42 ± 0.08‰) in Si isotope composition, suggesting that secondary minerals in this sample do not measurably affect the isotopic composition of the bulk rock. In contrast, the zeolite separate (δ 30 Si = 0.00 ± 0.08‰) is significantly heavier in Si isotope composition than the MG-1001 whole-rock, so the zeolites are not the carrier of the light Si isotope enrichment in the Mangaia OIB. However, this is unexpected considering that fluid alteration generally leads to secondary phases enriched in light Si isotopes. The heavier Si isotope composition of the zeolite can be explained as a precipitate that formed from Si-bearing surface fluids that were unassociated with dissolution of the host rock (i.e., fluids that do not have δ 30 Si values matching those of basalts). Assuming a typical surface fluid Si isotope composition of 1.3‰ (De La Rocha et al., 2000; van den Boorn et al., 2010) and considering that the Si isotope fractionation factor between precipitated and dissolved Si is around −1‰ to −1.5‰ for a variety of precipitates (e.g., Robert & Chaussidon, 2006; Steinhoefel et al., 2010) , the formation of secondary minerals with an isotopic composition around 0‰ is possible if the zeolite Si source is dissolved Si in such a fluid. Isotopically-heavy silica coatings have been observed in weathered Hawaiian basalts and were interpreted as the result of weathering (Chemtob et al., 2015) . Since the zeolite fraction in MG-1001 has a relatively low modal abundance (< 10%) and low concentration of Si (< 4 wt.%), based on a simple mass balance the effect of the zeolite fraction on the bulk δ 30 Si value is less than 0.04‰. This would result in a positive δ 30 Si shift, suggesting that formation of secondary minerals due to weathering does not account for the light Si isotope enrichment in OIB lavas from Mangaia.
Silicon isotope fractionation due to magmatic differentiation
Since equilibrium isotope fractionation decreases with increasing temperature (e.g., Bigeleisen & Mayer, 1947) , only a limited range of Si isotope fractionation (on the sub permil level) is expected for high-temperature igneous processes. In general, evolved, silica-rich lithologies (e.g., rhyolites, dacites, granites) have heavier Si isotope compositions than less-evolved (ultramafic and basaltic) material, suggesting a small isotope fractionation during magmatic differentiation, with a ∼0.2‰ offset in 30 Si/ 28 Si from 40 to 75 wt.% SiO 2 Poitrasson & Zambardi, 2015) . First-principles calculations predict equilibrium Si isotope fractionation between co-existing mineral phases, with the more polymerized (i.e., more Si-rich) phase generally enriched in the heavier isotopes (Méheut et al., 2007) ; this suggests that Si isotope fractionation may result from fractional crystallization or partial melting. However, no significant Si isotope fractionation has been observed as the result of basalt extraction by mantle partial melting (Savage et al., 2010) .
The Si isotope compositions of OIB span a similar range (i.e., from the lightest OIB at δ 30 Si = −0.44‰ to the heaviest OIB at δ 30 Si = −0.22‰) as that defined by ultramafic to rhyolitic material in the literature (e.g., Savage et al., 2014) , but since the sample set presented here consists of basaltic rocks, there is a much smaller range of SiO 2 contents (Table 1) . Furthermore, samples with similar SiO 2 contents (e.g., ∼48 wt.% SiO 2 ) can span a range of Si isotope compositions up to 0.2‰ (Figure 4) . A plot of δ 30 Si versus MgO or Mg# shows a similar lack of correlation with δ 30 Si; this further argues against accumulation of isotopically light olivine and/or pyroxene as the carrier of low δ 30 Si values in OIB. The lack of correlation between δ 30 Si and SiO 2 content suggests that magmatic differentiation is not the primary cause of Si isotope variability observed in OIB.
Preservation of primitive Si isotope heterogeneity in OIB source regions
Recent theoretical calculations of equilibrium fractionation factors show that Si isotopes may be fractionated between silicate minerals at the elevated pressure conditions in the lower mantle (Huang et al., 2014) . Due to the large pressure gradients within the deep mantle, high-pressure silicates have a different structure than those at lower pressure; low-pressure olivine polymorphs have four-fold coordination of Si while high-pressure bridgmanite (Mg-perovskite) has six-fold coordination of Si. This difference in Si coordination changes the vibrational frequency associated with the Si-O bonds, and isotopic substitution is sensitive to this effect. Although isotopic fractionations are generally small at high-temperature, the work of Huang et al. (2014) predicts significant Si isotope variations among silicate minerals with four-fold coordination of Si (e.g., olivine, pyroxene, garnet) and six-fold coordination of Si (bridgmanite). As a result, based on the calculated fractionation factors and estimates of the size and composition of mantle reservoirs, Huang et al. (2014) estimated the bridgmanite dominated lower mantle to be ∼0.1‰ lighter on the 30 Si/ 28 Si ratio compared to the upper mantle.
If Si isotope heterogeneity was created by bridgmanite crystallization at the base of the magma ocean during Earth's silicate differentiation and subsequently preserved through mantle evolution, then the lower mantle may still be enriched in lighter Si isotopes compared to the upper mantle. Although there is much debate about the internal structure of the mantle and the mechanisms responsible for the long-term preservation of primitive mantle reservoirs, layered convection models suggest that geochemical heterogeneities may be preserved for long periods (e.g., Brandenburg et al., 2008; Stixrude & Lithgow-Bertelloni, 2012) .
The degree of variation in Si isotope composition between OIB measured in this study and previously measured MORB derived from the shallow mantle (e.g., Savage et al., 2010) is in agreement with the ∼0.1‰ difference in Si isotope composition between the upper and lower mantle predicted by Huang et al. (2014) , suggesting that preservation of Si isotope heterogeneity within the mantle is a possible explanation for the δ 30 Si variability in OIB. The variable Si isotope compositions of OIB could potentially reflect selective sampling of preserved primordial components with light Si isotope enrichment within the lower mantle. In the case of Icelandic NRZ OIB, their light Si isotope enrichments may be consistent with sampling of a deep, primitive, undegassed mantle source based on the He and Ne isotope systematics in these particular samples . Similarly, the São Nicolau island of Cape Verde displays both relatively primitive 3 He/ 4 He (10-15 R/R A ; Doucelance et al., 2003) and a light Si isotope enrichment compared to MORB.
Arguments against light Si isotope compositions reflecting a lower mantle signature include the observation that Samoan Ofu samples have primitive He (Jackson et al., 2007b) and Ne (Jackson et al., 2009 ) but MORB-like Si isotope composition (δ 30 Si = −0.31 ± 0.03). Conversely, Canary Island samples have 3 He/ 4 He values within the range of MORB (Day & Hilton, 2011) , but have variable Si isotope compositions. Therefore, sampling of a primitive mantle reservoir with a light Si isotope composition cannot solely explain the Si isotope variability in OIB but remains a possibility. Experimental work to constrain Si isotope fractionation between silicates with different Si coordination are required to ground-truth the theoretical calculations of Huang et al. (2014) .
Assimilation of crustal material
Although only a limited number of samples in this study have previously been analyzed for O isotope compositions, it is noteworthy that most of the locations that exhibit light Si isotope enrichments also have been identified as areas with low δ 18 O signatures, including HIMU-type OIB and Iceland (Day et al., 2009; Eiler, 2001; Harmon & Hoefs, 1995) . This raises the question of whether there is a common mechanism that generates the isotopically-light Si and O isotope compositions of OIB. Like Si isotopes, O isotopes display large variations in surface environments relative to mantle materials; therefore, O isotopes can be a sensitive measure of low-temperature processes, particularly waterrock interactions. Altered oceanic crust can be enriched in the heavier isotopes of O through low-temperature alteration by surface fluids (characteristic of the upper oceanic crust) or depleted in the heavier isotopes through high-temperature hydrothermal alteration (characteristic of the lower oceanic crust), so variations in δ 18 O may indicate the presence of oceanic crustal material in OIB magmas.
The depletions in the heavy isotopes of O found in some HIMU locations and Iceland are consistent with either recycling or assimilation of hydrothermally altered lower oceanic crust (Eiler, 2001 ). It is difficult at this point to distinguish between recycling and assimilation of oceanic crust based solely on Si isotopes. However, due to the much lower concentration of dissolved Si in fluids compared to the high O concentration, and the similar Si isotope composition of Si saturated hydrothermal fluids to their rock setting (André et al., 2006; De La Rocha et al., 2000) , the effect of hydrothermal alteration is likely to be much smaller for Si isotopes than for O isotopes. Large amounts of hydrothermally altered material would likely be needed to create resolvable Si isotope variations in OIB.
Based on the comparison of δ 18 O and 187 Os/ 188 Os in OIB, Eiler (2001) suggested that HIMUtype lavas compositions are inconsistent with the incorporation of recycled oceanic crust, and δ 18 O depletions in OIB reflect assimilation of lower oceanic crust. However, Day et al. (2009) argued that radiogenic 187 Os/ 188 Os coupled with high Os concentrations in some Canary Island OIB cannot be explained by crustal assimilation, but rather indicates a contribution of recycled oceanic lithosphere. This suggests that crustal assimilation is not the main cause of the light Si enrichments in this OIB suite, but processes of crustal recycling may play an important role in generating Si isotope variability in the mantle.
Contribution of recycled material to the Si isotope variability observed in OIB
Subduction introduces a wide variety of materials into the mantle, including oceanic and continental crust, oceanic lithospheric mantle, and sediments, all of which may have undergone variable degrees of alteration on the seafloor and/or during subduction (e.g., Hofmann, 1997; Plank & Langmuir, 1998) . Subduction of geochemically diverse material that is incorporated into hotspot sources may give rise to observed heterogeneities in the products of these magmas, and it has been proposed that the type of material subducted generates the isotopic signatures of the different mantle components sampled by some OIB (Zindler & Hart, 1986) . Furthermore, subducted sediment is a significant source of incompatible elements to the mantle, and sediments may aid in creating chemical and isotopic heterogeneity within the mantle Chauvel et al., 2007; Jackson et al., 2007a) . The presence in the mantle of unaltered continent-derived material (in the form of lower continental crust or sediments derived from the upper continental crust that has not been altered in Si isotope composition due to metamorphic dehydration and fluid-rock interaction during subduction) is unlikely to significantly affect OIB Si isotope compositions. Estimates of the Si isotope composition of both the lower and upper continental crust (δ 30 Si = −0.29‰ and δ 30 Si = −0.25‰, respectively) are similar to MORB and estimates for the BSE (Savage et al., 2013a,b) . Although specific continental inputs may have Si isotope compositions that differ from these values for the lower and upper continental reservoirs (e.g., shale, which exhibits δ 30 Si values from zero to −0.82‰; Savage et al., 2013a) , we assume that on a large scale a single rock type would not dominate the subducted material and such sub-permil δ 30 Si variations would be averaged out. Similarly, the presence of unaltered oceanic crust (with MORB-like Si isotope composition) would not create Si isotope variations in OIB. However, isotopic variations in HIMU-like OIB and the Iceland NRZ OIB in this study have most often previously been explained by the incorporation of recycled oceanic crust into the plume source (e.g., Hauri & Hart, 1993; Woodhead, 1996; Cheval & Hemond, 2000; Breddam, 2002; Doucelance et al., 2003; Macpherson et al., 2005; Thirwall et al., 2006; Millet et al., 2008; Day et al., 2009; Kawabata et al., 2011; Cabral et al., 2013; Hanyu et al., 2014) . This suggests that if recycling of continental or oceanic crust is the source of the light Si isotope enrichment observed in the HIMU and Iceland NRZ OIB, the material must be geochemically modified either prior to or during subduction.
There are a number of processes acting on oceanic crust that could modify its Si isotope composition, including high-temperature hydrothermal alteration at seafloor spreading centers, lowtemperature seafloor alteration, and metasomatism and metamorphic dehydration during subduction (Hofmann, 2003; Stracke et al., 2003; Manning, 2004) . The preferential loss of heavy Si isotopes to the interacting fluid would result in isotopically light crustal material, which could lead to heterogeneities in the mantle as observed in OIB. Although a high-precision investigation of the Si isotope composition of altered and subducted lithologies (e.g., ophiolite sequences) does not currently exist in the literature, there is some evidence for preservation of initial Si isotope compositions during high-temperature metamorphism and metasomatism (André et al., 2006; Savage et al., 2013c) . Additionally, island arc basalts (IAB) display Si isotope compositions similar to MORB (Savage et al., 2010) , so processing during subduction may preserve primary Si isotope compositions to the extent that the signature of interacting fluids is not communicated to the island arc. Altered oceanic crust displays enrichments in light Si isotopes relative to MORB . It is therefore possible that oceanic crust has experienced Si isotope fractionations due to seafloor and hydrothermal alteration, and this composition is preserved during subduction. However, a systematic study of the behavior of Si isotopes during metamorphic dehydration is necessary to ascertain the effects of subduction on mantle inputs.
In contrast to oceanic and continental crust, oceanic sediments have widely variable compositions and can be significantly enriched in light Si isotopes compared to typical igneous rocks. This suggests that the incorporation of oceanic sediments with isotopically light Si in the OIB plume sources is one viable mechanism for creating the light Si isotope enrichments observed in OIB. Previous measurements of Si isotopes in silicified and precipitated materials such as cherts show a large range in Si isotope composition, with δ 30 Si values down to −4‰ or more (Robert & Chaussidon, 2006; van den Boorn et al., 2007 van den Boorn et al., , 2010 Chakrabarti et al., 2012) , but sedimentary material with extremely fractionated Si isotope compositions (potentially including clays and cherts) would be diluted by other subducting material. Additionally, much of the sedimentary material that enters subduction zones may be removed before entering the convecting mantle by forearc scraping or through arc volcanism (Clift & Vannucchi, 2004) ; in general, OIB sources are believed to incorporate at most a few percent of sediments (Chauvel et al., 2007; Jackson et al., 2007a) .
For these reasons it is difficult to quantify the Si isotope composition of subducting material that enters the mantle. The potential contribution of subducted material on the Si isotope signature of OIB can be calculated from a simple mass balance using estimates for the Si isotope composition and fraction of recycled material in the OIB source. Here we consider a subducted package with a bulk δ 30 Si of −1.0‰, −0.75‰, and −0.5‰. These values are consistent with plausible compositions of altered oceanic crust with or without a small portion of sediment (we consider a few percent of sediments with δ 30 Si values down to −4‰ corresponding to compositions of silicified and precipitated materials; Robert & Chaussidon, 2006; van den Boorn et al., 2007 van den Boorn et al., , 2010 Chakrabarti et al., 2012) . Results of the mass balance calculations are shown in Figure 5 . These calculations suggest that the relatively light Si isotope enrichment observed in the HIMU and Iceland NRZ basalts can be explained by the incorporation 25% of recycled altered oceanic crust or 10-25% altered oceanic crust plus a few percent of sediments in OIB magmas. Using a similar mass balance shows that 1-2% sediment added to peridotite mantle is unlikely to measurably shift the δ 30 Si of the mixture, which can explain the MORB-like δ 30 Si values of EM-1 and EM-2 type OIB despite their hosting some recycled marine sediment. The addition of more than a few percent of sediments in the sources of OIB, particularly HIMU-type, is inconsistent with Pb and Sr isotopic constraints and trace-element ratios unless sediments are significantly modified during subduction zone processing (Chauvel et al., 2007; Roy-Barman & Allègre, 1995) . Sediments constitute a thin veneer that overlies oceanic crust, so that the subduction package is dominated by basaltic oceanic crust and lithospheric mantle. For this reason, it is more likely that the recycled material that can reproduce the δ 30 Si signatures of HIMU and Iceland NRZ OIB is primarily altered 'basaltic' oceanic crust with a bulk composition of δ 30 Si < −0.5‰ that contributes melt to generate ∼25% of the mass of the lavas. Furthermore, it should be noted that the mass fraction of recycled material in the mantle source is unlikely to be the same as the mass fraction present in the plume source melts because recycled lithosphere in the form of eclogite preferentially melts compared to ambient peridotitic mantle, potentially leading to pyroxenite-peridotite mixtures in OIB mantle sources (e.g., Yaxley & Green, 1998; Sobolev et al., 2007; Day et al., 2009; Herzberg et al., 2014) .
A key indication that the Si isotope variability that potentially arises from recycling of subducted oceanic crust and lithospheric mantle lies in the difference in Si isotope composition between lavas from the Canary Islands of La Palma and El Hierro. These two islands have previously been found to have contrasting O isotope compositions, with relatively lower δ 18 O values in La Palma samples compared to El Hierro samples (Day et al., 2009) . Furthermore, the coupled O and Os isotope systematics of La Palma and El Hierro reflect different proportions of recycled oceanic crust and lithospheric mantle in the plume sources (Day et al., 2009 (Day et al., , 2010 . Specifically, the relatively lower δ 18 O values in La Palma are generated by a contribution of recycled oceanic gabbroic crust (Day et al., 2009) . This suggests that a single process may be responsible for generating the low δ 18 O Figure 5 Plot of OIB δ 30 Si as a function of the fraction of recycled component present in the melt derived from the mantle source. The dashed line and shaded box represent the average Si isotope composition (± 2 se) of the light-isotope enriched OIB measured in this study (Iceland, Mangaia, Cape Verde) . The BSE reservoir is considered to have a Si concentration [Si] = 0.21 wt.% and δ 30 Si = −0.29 . The recycled component is modeled with a nearly identical bulk [Si] = 0.23 wt.% but variable δ 30 Si values. Here −0.50, −0.75, and −1.00 are used as illustrative δ 30 Si values for the bulk recycled component; these values are consistent with altered oceanic crust or a mixture of altered oceanic crust with a few percent of sediments (δ 30 Si values between −2‰ and −4‰; see text for details). The Si isotope compositions of the anomalous OIB localities are consistent with the incorporation of 10-30% recycled material in the plume source melt. and low δ 30 Si values observed in oceanic basalts, although further work is necessary to confirm this relationship. These observations indicate that the Si isotope system may be an important tool for investigating the processes responsible for generating stable isotopic variability present in OIB.
Conclusions
To a first order, OIB exhibit homogeneous Si isotope compositions generally in agreement with estimates for the δ 30 Si value of BSE (−0.29 ± 0.07‰, 2 sd; Savage et al., 2014) . However, some systematic variations are present; some HIMU-type and NRZ basalts exhibit light Si isotope enrichments relative to other OIB, MORB, and the estimate for the BSE. In contrast, EM-type OIB do not show any systematic Si isotope variations. One possible cause of the light Si isotope enrichments in OIB is primitive Si isotope heterogeneity created by bridgmanite crystallization at the base of the magma ocean during the silicate differentiation of the Earth as suggested by Huang et al. (2014) , although the potential to preserve such a reservoir over the history of the Earth is debated. An alternative explanation is that subduction of material that is incorporated into hotspot sources may give rise to observed heterogeneities. The Si isotope variability in the HIMU and Iceland NRZ can be explained by the presence of ∼25% recycled altered oceanic crust and lithospheric mantle in the plume source.
A reservoir of isotopically light Si in the Earth's mantle would have implications for the calculated amount of Si in the core. Silicon has long been proposed as a potential light element in the core to account for the density deficit relative to pure FeNi, and an estimate of the Si content of the Earth's core was one of the early applications of the Si isotope system to high temperature geochemistry (Georg et al., 2007; Fitoussi et al., 2009) . Debate still persists about the degree of offset between the Si isotope composition of the Earth's mantle and that of chondrites (assumed to represent the bulk Earth composition), resulting in widely varying estimates of the Si content of the Earths core from ∼1 wt.% to more than 10 wt.%, although high amounts of Si in the terrestrial core are likely irreconcilable with other geochemical and geophysical constraints (e.g., McDonough, 2003; Badro et al., 2007; Georg & Shahar, 2015) . However, a reservoir of isotopically light Si in the mantle may be indicated by these new measurements of OIB. This would lower the amount of Si in the core required by mass balance, driving the calculated Si content of the core based on Si isotopes closer to that estimated by geophysical means.
